The objective was to evaluate the effect of adding silver nanoparticles into three commercial adhesive systems (Excite™, Adper Prompt L-Pop™ and AdheSE™). Nanoparticles were prepared by a chemical method then mixed with the commercial adhesive systems. This was later applied to the fluorotic enamel, and then micro-tensile bond strength, contact angle measurements and scanning electron microscopy observations were conducted. The commercial adhesive systems achieved the lowest micro-tensile bond strength (Excite™: 11.0±2.1, Adper Prompt L-Pop™: 14.0±5.4 and AdheSE™: 16.0±3.0 MPa) with the highest adhesive failure mode related with the highest contact angle (46.0±0.6º, 30.0±0.5º and 28.0±0.4º respectively). The bond strength achieved in all the experimental adhesive systems (19.0±5.4, 20.0±4.0 and 19.0±3.5 MPa respectively) was statistically higher (p<0.05) than the control and showed the highest cohesive failures related to the lowest contact angle. Adding silver nanoparticles in order to decrease the contact angle improve the adhesive system wetting and its bond strength.
INTRODUCTION
Around the world, dental fluorosis has always been regarded as a public health problem in those areas where natural fluoride in the water exceeds optimal levels; residents of optimally fluoridated areas are not believed to be at risk of dental fluorosis 1) . Dental fluorosis (DF) is a common disorder of teeth associated with high fluoride intake, especially from drinking water containing high concentrations of fluoride. The adverse effect of excessive exposure to fluoride is dental fluorosis, which is a permanent hypo-mineralization in the subsurface of enamel, characterized in its mildest form by small, clearly visible, white flecks found on the cusp tips and on facial surfaces of permanent dentition 2) . Fluorosis is mostly found on permanent teeth surfaces ranging from obvious white opaque areas (moderate form) to darkly stained and pitted enamel (severe form) 3) . The effect of fluoride on forming enamel results in several changes, these changes in the structure of enamel involve increased porosity, higher protein levels, and lower amounts of minerals and, in severe cases, the formation of a pitted surface 4) . For these reasons, patients with DF seek aesthetics dental care 5) , which largely depend on micro mechanical retention obtained from acid-etched enamel 6) and they often receive restorations with resin-based composites.
The integrity of a dental sealant is critical to prevent cavities and directly depends on proper acid conditioning of enamel. It is extremely important to create and maintain a strong bonding between the enamel surface and a sealant 7) . Several authors reported that there is no difference between self-etching and standard etching protocol on bond strengths 8, 9) . The phosphoric acid creates microporosity in the surface of enamel for the mechanical retention of a sealant through decalcification. Subsequently, dissolution and reduction in the size of the apatite crystals increases the enamel surface available for bonding 10) . The most effective etching agent for bonding a dental sealant to enamel is phosphoric acid (H 3PO4) in concentrations of 30-50%, with treatment times ranging from 5 to 120 s 11, 12) . On the other hand, the need for simpler and more effective procedures has motivated manufacturers to develop adhesive systems (AS) where the etchant, primer and adhesive are combined to reduce clinical steps. These AS are capable of etching and priming simultaneously 13) and require less working time 14) ; but despite their simplicity and time saving, their effectiveness on fluorotic enamel still remains questionable [15] [16] [17] . Since nanotechnology was introduced to the dental field, nanoparticles have been incorporated into the dental adhesives 18) in order to enhance the bond strength of the adhesive to the enamel by penetrating into the demineralized surface, decreasing polymerization shrinkage, and increasing the elastic modulus of the adhesive layer 19) . Due to their superior surface activity the introduction of silver nanoparticles (NAg), especially with sizes around 10 nm, could improve the performance of the AS by means of their physical or chemical interaction with the polymer chains.
Little research on improving the bond strength with nano-fillers in AS to hypo-plastic enamel surfaces such as DF has been conducted; most of them are focused on increasing adhesion of orthodontic brackets to healthy enamel. For example Ahn et al. (2009) , incorporated silver nanoparticles (<5 nm) to composite adhesives and found that there was no significant difference in the shear bond strength between the commercial and the experimental composite adhesives; Zhang et al. (2012) developed a bonding agent using silver nanoparticles and found that adding silver nanoparticles to adhesive and primer did not compromise the dentin shear bond strength [20] [21] [22] . Adhesion, is the result of a physical-chemical interaction across the interphase between the adhesive and the tooth surface 23) ,
it is well established that the wetting is the first condition to achieve bonding on enamel surfaces 14) . With a major contribution, wetting properties of adhesives are affected by their surface free energy, this surface free energy is the result of dispersion force, polarity force, and hydrogen bonding; differences in bonding performance of commercial adhesives can be related to different surface free energy values, a material with a lower surface free energy will spontaneously wet out a surface with a higher surface free energy 24, 25) . Therefore, the aim of this study was to evaluate the effect of adding spherically shaped, silver nanoparticles into one total-etch and two self-etch adhesive systems bonded to fluorotic enamel using micro-tensile bond strength (μTBS) test. In addition, optical microscopy was used to analyze and classify the failure modes of the enamel/adhesive bonds; the goniometer was used to measure the contact angle formed on the enamel surface for each AS and the scanning electron microscope was used to observe differences in the surface of the treated samples as well. The null hypothesis to be tested was: the addition of silver nanoparticles would not affect the micro-tensile bond strength and the contact angle of the tested adhesive systems to moderate fluorotic enamel. 
MATERIALS AND METHODS

Collection of tooth specimens
Patients undergoing premolar extractions at hospitals and private clinics for periodontal and orthodontic reasons, aged between 19 and 32 years old were asked to donate their cavity-free extracted teeth. An informed and voluntary written consent was obtained from the subjects prior to clinical examination. A total of 60 moderate (MO) fluorotic teeth, were collected from Salitral de Carrera (San Luis Potosí, México) with a water fluoride level between 2.0 and 5.0 ppm. All specimens were cleaned, disinfected (NaClO) in an ultrasonic bath (Biosonic UC 300-115B, Colténe/Whaladent, Cuyahoga Falls, OH, USA), washed in running water, dried, and analyzed by visual observation for fluorotic severity according to the Thylstrup and Fejerskov Index (TFI) 26) . Two investigators did the classification, according to TFI, independently. TFI allows correlation between the clinical appearance of DF and the pathologic changes in human enamel and is normally the index of choice for the evaluation of fluorosis severity 27) . The fluorotic specimens were divided into 6 groups (n=10/each group): 3 commercial AS, (1a) Excite™ group (EX™, Ivoclar Vivadent, Schaan, Liechtenstein); (2a) Adper Prompt L-Pop™ group (APL-P™, 3M ESPE, St. Paul, MN, USA) and (3a) AdheSE group (ASE™, Ivoclar Vivadent); and 3 experimental AS with NAg, (1b) Excite™+NAg group (EX+™); (2b) Adper Prompt L-Pop™+NAg group (APL-P+™) and (3b) AdheSE+NAg group (ASE+™). EX™ group was selected as the gold standard in this study due to the effectiveness of 37.0% phosphoric acid-etching in producing microporosity in healthy enamel 28) . Table 1 depicts the materials used in this study.
Synthesis of silver nanoparticles and incorporation into the adhesive system
NAg with spherical shape (10.8±1.6 nm) were synthesized by a simple precipitation method as reported by Espinosa-Cristobal et al. 29, 30) . Once synthesized, the NAg, still dispersed in water (1070.0 ppm), was incorporated into the adhesive by means of mechanical mixing (stirring) in a 1:1 relation (final concentration of NAg: 535.0 ppm).
Sample preparation
Prior to preparation of specimens for the μTBS tests, all premolars were stored for a maximum of 2 months in 1.0% aqueous chloramine solution (Sigma Chemical, St Louis, MO, USA). For each specimen, the root was removed and the crown was longitudinally sectioned to obtain buccal and lingual halves using a high-speed diamond bur (MRMC254-Brasseler, Savannah, GA, USA). Finally, in order to standardize the enamel reduction, 0.5 mm grooves were prepared on the buccal side of each specimen and then superficial enamel was ground using a 600-grit silicon carbide (SiC) disc (Buehler, Lake Bluff, IL, USA) under flowing water coolant.
Bonding procedures and specimen fabrication
Each AS was applied according to the manufacturer's instructions, as described below.
Protocol for the EX™ group: Each specimen was acid-etched with 37.0% phosphoric acid gel for 15 s, and rinsed with distilled water for 15 s leaving the surface slightly moist. 10 μL of EX™ was applied for 10 s and evaporated for 5 s, then light-cured for 10 s (blue-phase C8 light, Ivoclar Vivadent; at 800 mW/cm 2 ). After the bonding procedure, a composite block (Tetric N-Ceram, Ivoclar Vivadent) was built on the enamel buccal surface by adding 2.0-mm-thick increments to a height of approximately 4.0 mm. Each composite layer was light cured for 40 s. Protocol for the EX+™ group: After the acid etching, rinsing and drying; 10.0 μL of the experimental AS with NAg were applied, light-cured and the composite block was produced as described above. Protocol for the APL-P™ group: Bonding liquids A and B were mixed and 10.0 μL of this adhesive were applied by double application and scrubbed for 15 s. Volatile ingredients were evaporated with mild air and cured for 10 s. After the bonding procedures, a composite block (Z350, 3M ESPE) was produced as described above. Protocol for the APL-P+™ group: 10.0 μL of the experimental AS with NAg were applied (in order to obtain this experimental AS, liquid A and liquid B were first mixed and then silver nanoparticles were incorporated to this mixture), light-cured and the composite block was produced as described above. Protocol for the ASE™ group: Application of one coat of AdheSE Primer and scrubbed for 30 s. Volatile ingredients were evaporated with mild air, then 10.0 μL of AdheSE Bond were applied on the enamel and then cured for 10 s. After the bonding procedures, a composite block was prepared for each specimen.
Protocol for the ASE+™ group: After the AdheSE Primer application, 10.0 μL of the experimental AS with NAg were applied on the enamel and then cured for 10 s. After the bonding procedures, a composite block was prepared for each specimen.
Micro-tensile test (μTBS)
After storing the specimens in water at 37°C for 24 h, each tooth was sectioned perpendicular to the bonded interface to obtain beam-shaped strips with a surface area of 1.0±0.2 mm 2 . A total of 120 samples were obtained (20 per each group). Each specimen was carefully examined under a stereomicroscope (SZ-PT Olympus, Tokyo, Japan, 10×) and in order to eliminate stress concentrators, specimens with irregular fracture paths that propagated away from the interface were discarded. The specimens were attached to a Universal Testing Machine (Advanced Force Gauge, Mecmesin, West Sussex, UK) with a cyanoacrylate adhesive (Zapit, DVA, Corona, CA, USA), and then subjected to tensile forces at a crosshead speed of 1 mm/min; values were calculated in MPa.
After the μTBS, a stereomicroscope was used to classify the failure mode in one of the following categories 31) : (a) adhesive if the failure occurred entirely within the adhesive interfacial zone; (b) cohesive if the failure occurred exclusively within the composite or within the enamel; and (c) mixed if the failure continued from the adhesive into either composite or enamel. 
Contact angle measurement
A different set of teeth were prepared as follows: Protocol for the EX™ and EX+™ group: enamel was acid etched, rinsed and dried; protocol for the APL-P™ and APL-P+™ group: enamel was dried; protocol for the ASE™ and ASE+™ group: enamel was dried and AdheSE Primer was applied.
The prepared tooth was then mounted on the Goniometer (Ramé-hart instrument, Succasunna, NJ, USA) and the contact angle was measured by the sessile drop method at 23±2ºC without control of the humidity. Ten microliter of each commercial and experimental AS was dropped on the surface enamel through a micropipette and after 3 s the Motic Images Plus 2.0 ML (Motic China Group, Xiamen, China) software was used to capture the image and measure the contact angle.
Scanning electron microscopy observations
Three premolars were used for this observation, one for each AS. For this, enamel surface was prepared as described in section 2.1 and the AS system was applied on the mesial face as described in section 2.4. The mesial face was divided in halves and the AS without NAg was applied in the vestibular half and the AS with NAg was applied in the lingual half. After that, samples were subjected to a standard process of fixation and dehydration using glutalardehyde and alcohol solutions respectively. Observations were made in a scanning electron microscope (JSM-6510, JEOL, Tokyo, Japan) at 10 kV.
Statistical analysis
Intra-examiner reproducibility gave a Cohen's Kappa value of 0.98 32) . The Shapiro-Wilks and Brown-Forsythe methods were used to test the distribution of variables. One-way analyses of variance (ANOVA) and TukeyKramer post-hoc tests were used to examine differences of the bond strength in all the groups. The relationship between adhesive systems (Total-Etch and Self-etch. Factor 1) and the addition of Ag Nanoparticles in the adhesive systems (adhesive system with and without Ag Nanoparticles. Factor 2) with micro-shear bond strength and contact angle were evaluated by two-way ANOVA factorial analysis. Chi-square analyses were performed to compare the failure modes in all the groups. The JMP program, version 9.0 (SAS Institute, Cary, NC, USA) and Stata version 11.0 (Stata, College Station, TX, USA) were used for statistical analysis. A p<0.05 was considered significant. Table 2 shows the mean μTBS results and the contact angle for EX™, EX+™, APL-P™, APL-P+™, ASE™ and ASE+™ bonded to enamel with moderate fluorosis. The control group (EX™) achieved the lowest bond strength and when compared with the rest of the groups the difference was statistically significant (p<0.05), also the contact angle was the highest (46.0±0.6°), which means that the superficial tension of this AS was high and the wetting decreased.
RESULTS
Micro-tensile bond strength (μTBS), failure mode and contact angle
The findings show ( Table 2 ) that the bond strength achieved in all the AS was positively influenced by the incorporation of NAg, that is, when compared the bond strength of each commercial AS with its experimental counterpart the value was always statistically higher for the experimental adhesive system (p<0.05); the bond strength values remained close among all the experimental AS (p>0.05), also the drops of each experimental AS totally spread (0°) indicating that the wetting was complete. Finally, the highest bond strength obtained among the commercial AS, was obtained with the ASE™ group (16.0 MPa) with significant differences with the group EX™ (p<0.0001). The contact angle in all the experimental AS with NAg was impossible to measure since the agent rapidly entered and wet the substrate, in general, a contact angle (θ) that tends to 0° is considered for a liquid material which complete wetts the surface 33) . Following the two-way ANOVA analysis, we found that the micro-tensile bond strength and contact angle were significantly affected (p<0.001) by the factors: adhesive systems (Total-Etch and Self-etch) and the addition of Ag Nanoparticles in the adhesive systems (adhesive system with and without Ag Nanoparticles).
The micro-tensile bond strength values were higher in the self-etching adhesive systems (average 17.4). For the adhesive systems with and without Ag Nanoparticles, there were statistically significant differences (p<0.0001). The micro-tensile bond Fig. 1 Scanning electron images of the adhesive systems with and without silver nanoparticles.
The adhesive system was applied on the mesial face and it was divided in halves, the adhesive system without silver nanoparticles was applied in the vestibular half and the AS with NAg was applied in the lingual half. strength was higher in the adhesive systems with Ag Nanoparticles (average 19.3) . Interaction between the two factors was also significant (p<0.0030). The microtensile bond strength values of the adhesive systems with Ag Nanoparticles were higher than the adhesive systems without Ag Nanoparticles.
The contact angle values were higher in the Total Etch adhesive system (average 23.0) and, in the adhesive systems without Ag Nanoparticles (average 34.4) . Interaction between the two factors was significant (p<0.0001). The contact angle values of the adhesive systems without Ag Nanoparticles were higher. Table 3 shows the classification of failure modes after the μTBS, most failures were recorded as cohesive (n=49); however the control group (EX™) obtained the higher percentage of adhesive failures. The cohesive failures were more frequent in the experimental AS. There was a statistically significant difference (p<0.0017) in the failure mode between the AS APL-P™ and the respective experimental group (APL-P+™). The highest cohesive failures were recorded in the ASE+™ group. Figure 1 shows scanning electron images of the samples treated with the AS with and without NAg; as we can see, the halves covered with the AS containing NAg appear brighter, which allow us to observe a better spreading of the APL-P™ followed by EX™. A closer look of the topography in the enamel surface (1,000×) after the treatment with any of the AS shows that it does not present a relevant change, that is, NAg does not affect the enamel surface, they only improve the spreading of the AS; this was also confirmed by the contact angle measurement.
Scanning electron microscope observations
DISCUSSION
Nowadays, NAg has been applied to dental materials as an innovative concept for the development of future applications of functional nanoparticles with better properties incorporated in dental restorative materials. Some of them have great potential for inhibit the demineralization process.
Positive results open the doors to future clinical studies that will allow the therapeutic value of nanotechnology-based restorative materials to be established 22) . Concerns have been raised about the adverse effect of nanoparticle additives on the mechanical properties of composite resins. Previous studies have reported silver compounds added at 10% or greater to dental materials should significantly reduce compressive strength, elastic modulus, and tensile strength 34, 35) . Also wetting is the first condition for good bonding on a surface 14) , in this sense, it has been reported that the low viscosity and hydrophilic AS result in higher bond strength 36) and higher percentage of cohesive failures [37] [38] [39] . Discoloration and a change in color to a tone of gray are common problems in all materials containing silver, especially composite resins 40, 41) . In studies in which the hyper-mineralized surface enamel was left intact, bond strength was adversely affected by fluorosis 31) . On the other hand, bond strength was unaffected by severity of fluorosis when surface enamel was removed prior to bond strength testing 42, 43) . Success in bond durability of esthetic treatments depends on adequate bond strength of resin composite to enamel. Despite the recently developed AS, there are controversies about the bonding performance of AS bonded to fluorotic enamel 28, 42, 44) , it has been reported that DF significantly reduces the bond strength in enamel 44, 45) . Point five millimeters of enamel was ground to be consistent with clinical practice where 0.5 mm of labial enamel is removed during tooth preparation for composite veneers. Teeth were obtained from subjects in the age group of 19-32 years because it has been reported 42) that there are differences in bond strength below and above the age of 40 years. Previous studies of bonding to fluorotic enamel surfaces have led to the preferred use of the μTBS test and fracture mechanics to understand the properties of the adhesive interfaces 46) . We used micro tensile bond test because, compared with a simple tensile test, improves stress distribution during testing, avoid induced cohesive failures, lowers the variance asociated with testing and permits the preparation of multiple specimens from a tooth. Only buccal surfaces of each tooth were used for the bond strength measurements in order to standardize the localized bond strength variation in enamel 47) . EX™ is a total-etch AS that uses a preliminary etching step with a strong phosphoric acid (pH<1.0) and is considered as the gold standard because its effectiveness in aesthetic dentistry 28) . In our results, this AS failed in bonding to moderate fluorotic enamel; it showed the lowest bond strengths (11.0±2.1 MPa) and the highest percentage of adhesive failure (40%). These values can be explained by the high contact angle formed by the AS on the surface (46±0.6) indicating that the wetting was not proper. These results are similar to previous reports, in which acid-etching did not improve the bond strength to fluorotic teeth that could be explained due to the hyper-mineralized surface as reported before 28, 45) . On the other hand APL-P™ is a self-etch AS that allows the simultaneous etching and priming of the tooth surface. In our study the bond strength was higher than that obtained with the EX™ (14.0±2.0 MPa, p<0.05), also the contact angle decreased (30.0±0.5°). Using the two-way ANOVA, we found a better performance of the self-etching adhesive systems than the total etching system on fluorotic enamel; as we already reported, these results can be explained on the basis of the wettability of the adhesive system and the etching pattern that they produce. The total etch system produces a slightly demineralized pattern on the enamel surface with a poorly defined tag-like projections that resulted in lower bond strengths observed in enamel MO fluorosis; self-etching systems produce a well defined etching pattern with deeper penetration into the altered inter-prismatic substance 45) . It has been reported 48) that the tensile bond strength of enamel is dependent on the prismatic orientation, but when the adhesive system contains the low viscosity and hydrophilic monomer HEMA, the bond strength improved significantly 36) , not only for the crosscut prismatic zone but also for the parallel zone 16) ; thus, bonding is less influenced by prism orientation 47) . Similarly to a previous report 45) , our results for APL-P™ show a predominantly adhesive failure mode; this may be relevant due to it is important to preserve the remaining enamel substance. Finally ASE™ is another self-etch AS (pH=1.7) that contains phosphoric acid in the self-etching primer, this phosphoric acid aids in the penetration of the primer 49) . In our results, this AS resulted in the highest bond strength among commercial adhesives (16.0±3.0 MPa) with the highest percentage of cohesive failures (40%), it has been reported that the higher bond strength and the higher percentage of cohesive failures are related to the good wetting properties with the substrate [37] [38] [39] which is consistent with the lowest contact angle observed (28.0±0.4°) compared to the other AS.
The commercial AS used in this study, contain the monomer HEMA that improves the bond strength in healthy enamel 36) ; however, our results showed the lowest bond strength values and the highest percentage of adhesive failures. This is because the fluorotic enamel has a low surface energy, so its surface is inadequate for a good wetting. Therefore, the addition of metal nanoparticles into the AS improved the bond strength, in this study it was confirmed using the two-way ANOVA analysis 35) . The incorporation of NAg into the three commercial AS: EX™, APL-P™ and ASE™ showed a significant improvement in the bond strength (19.0±5.4, 20.0±4 and 19.0±3.4 MPa, respectively) when compared with either control or their own commercial AS (p<0.05). When the bond strength was compared among the three experimental AS, the values remained closer regardless of the AS, so to improve clinical success in the durability of restorations when treating patients with DF seeking aesthetics dental care we can suggest to use any of these experimental AS containing NAg.
There are several mechanisms that induce the increase of bond strength in AS with nanoparticles. It has been reported that reducing the particle size down to the nanoscale, closer to the chain size of the monomer, chain/filler interactions are affected, the nanoparticles have the ability to reorient in a stress dissipation mechanism in order to inhibit crack extension in polymers 50, 51) ; the chemical change of the surface which became more hydrophilic and reduced the surface tension of the AS 52) in order to decrease the contact angle. Because mechanical interlocking is required to get a good adhesion, hydrophilic AS are needed to avoid adhesive repellency. The improved bond strength is a physical result of the incorporation of NAg into the AS, that incorporation improve the wetting in the AS; these can be explained because all the drops of the experimental AS were impossible to measure since the AS rapidly entered the substrates (0°) and because in the SEM observations we realized that the AS with the best results is that with the best spreading. Although some researchers report the application of nano-fillers in dental adhesives 18, 53) , it is still a matter of concern the type and concentration of these fillers into the AS 19) , thus we used 0.05%wt/v of NAg because that is the quantity used in the synthesis of silver nanoparticles 29, 30) . Although our results suggest a physical interaction of the silver nanoparticles in the AS, more research is needed, an ultrastructure observation of these AS containing NAg and a molecular analysis using infrared spectroscopy could help but these analysis are far beyond of the scope of this work.
CONCLUSIONS
The null hypothesis of this study was rejected. The micro-tensile bond strength and contact angle were significantly affected (p<0.001) by the factors: adhesive systems (Total-Etch and Self-etch) and the addition of Ag Nanoparticles in the adhesive systems (adhesive system with and without Ag Nanoparticles). Interaction between the two factors was significant (p<0.0001). The micro-tensile bond strength values of the adhesive systems with Ag Nanoparticles were higher than the adhesive systems without Ag Nanoparticles. The contact angle of the adhesive systems with Ag Nanoparticles was equal to 0. Our results suggest that adding silver nanoparticles in order to decrease the contact angle improve the adhesive system wetting, which results in an increase of the bond strength and also the cohesive failures.
It is important to note that there are not enough studies that tests metallic nanoparticles in adhesive systems with fluorotic enamel 54) . The findings of this study would be beneficial in producing nano fillers to incorporate into the adhesive systems for fluorotic teeth.
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CLINICAL RELEVANCE
The bond strength of the tested adhesive systems was improved with the addition of silver nanoparticles and, when the improved bond strength was compared among the three experimental AS, the values remained closer regardless of the AS, so we can suggest to use any of these experimental AS containing NAg.
